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ABSTRACT: The effect of iodine treatment on the car-
bonization behavior of tussah silk fibroin (SF) fiber from a
wild cocoon, Antheraea pernyi (A. pernyi), was investigated,
and the carbon yield, fiber morphology, structural charac-
teristics, and mechanical properties were evaluated. The
SF fiber was treated with iodine vapor at 1008C for 12 h
and was heated to 8008C under a multistep heating pro-
gram as carbonization process, which corresponds to the
constant thermal degradation rate of SF determined by
dynamic thermogravimetric analysis (TGA). The carbon
yield was ca. 39 wt %, which is much higher than those
for untreated A. pernyi. Scanning electron microscopic
(SEM) observation showed that obtained carbon fibers
from iodinated SF were structurally intact, and the
strength was higher than that from untreated SF. Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction,

and Raman spectroscopy revealed that the structures of
the carbon fibers obtained from both untreated and iodin-
ated SF were almost the same and amorphous. At the
early stage of carbonization of SF, amide bonding of SF
molecules was begin to collapse at temperatures higher
than 3508C and was completely dissociated by carboniza-
tion at 8008C. Dynamic viscoelastic measurements showed
that with heating above 2708C the iodine component intro-
duced intermolecular crosslinking of SF and the melt flow
of the SF was inhibited, which enhances higher carbon
yield and better performance of silk based carbon fiber.
VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 110: 1358–1365,
2008
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INTRODUCTION

Silkworm silk fibroin (SF) is a typical natural biopol-
ymer produced by two major species of silkworms,
domestic Bombyx mori (B. mori) and wild, and has
been highly valued as a textile fiber for thousands of
years. Antheraea pernyi (A. pernyi) is the most familiar
species among wild silkworms and is mass-
produced in north-east China for silk fiber, namely
tussah silk production.1 The structure and chemical
composition of A. pernyi SF are different from those
of B. mori SF. In comparing with domestic SF, the
amino acid composition of tussah SF is characterized
by the abundant alanine (Ala), aspartic acid (Asp),
and arginine (Arg) amino acid residues, and less
quantity of glycine (Gly) residue. This composition
is related to the abundance of -(Ala)n- sequence,
which favors a-helix formation.2 Furthermore, the
amino acid composition of tussah SF is characterized
by the abundance of basic [lysine (Lys), histidine
(His), and Arg] and acidic [Asp and glutamic acid

(Glu)] amino acid residues, and the presence of tri-
peptide sequence of Arg-Gly-Asp.3 Based on these
structural features, tussah SF is considered as an
attractive starting raw material for nontextile appli-
cations i.e., for developing innovative applications in
biotechnological fields.
As one aim to diversify the new products of SF,

the researches concerning the carbonization of silk
can be involved. Recently it has been shown that B.
mori SF fiber is a suitable precursor for producing
carbon fibers.4,5 Silk-based carbons are very promis-
ing raw materials for the applications in bio- and
electrochemical fields. The carbonized silk materials
exhibit antibacterial property and possess multiple
numbers of dimples generated by heating on its sur-
faces and are used as supports for catalysts.6 Many
attempts have been made to develop carbonized silk
products or proposed to develop as functional mate-
rials, such as carbonized silk powders for coloring
coatings, cosmetics, pharmaceuticals,7 skin external
preparations,8,9 hydrogen storing materials,10 wound
dressing,11 hazardous substance decomposer,12

mask,13 gas adsorbent,14 etc. Many products are also
developed from carbonized silk materials in electro-
chemical field, for example, carbonized cocoons for
fuel cell and electrode materials,15 double layer
capacitors,16 and electromagnetic shields.17,18
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Many researches of tussah SF have been carried
out, although the number of reports are considerably
smaller compared with those of B. mori SF. Especially,
the study of carbonization behavior is much minor.
Some articles treat the thermal decomposition of tus-
sah SF below 3008C,19–26 but we only know one article
concerning carbonization behavior; that is, Nishikawa
et al. reported the carbonization behavior and some
characters for mulberry silk and tussah silk.27

To produce high performance and high functional
carbon materials from polymeric precursors, iodine
treatment process has been reported. Iodine has
been reported as a good stabilizing agent for pro-
ducing pitch-derived carbon.28 Recently, iodine treat-
ment has been expanded to other polymers, such as,
polyacrylonitrile,29 poly(vinyl alcohol),30 and B. mori
SF,4 etc., and resultantly some interesting characters
accompanied by high carbon yield were found.

With regarding the structural characteristics of
iodinated SF, recent researches revealed that both
domestic and tussah SF absorbed polyiodide ions,
and the structure and physical properties have been
greatly influenced by iodine treatment.31,32 The
iodine absorption behavior of tussah SF is difference
to that of domestic SF because of the molecular com-
position.32 However, until recently, the influence of
the iodine treatment on the carbonization behavior
of tussah SF has not been reported yet.

The aim of this study is to investigate the carbon-
ization behavior of iodinated tussah SF, and evaluate
the carbon yield, fiber morphology, structure, and the
mechanical properties of the obtained carbon fibers
by using scanning electron microscopy (SEM), Fourier
transform infrared (FTIR) spectroscopy, Raman spec-
troscopy, wide angle X-ray diffraction (WAXD),
dynamic mechanical thermal analysis (DMTA), ele-
mental analysis, and tensile measurements.

EXPERIMENTAL

Materials

A. pernyi cocoon fiber provided by Dainippon Silk
Foundation, Japan, was first degummed to remove
sericin. The degumming process was performed by
standard marseille soap/soda ash method,33 main-
taining the following steps:

i. Prewash: distilled water, 408C, 30 min.
ii. Primary degumming: 15–20% of marseille

soap, liquor ratio of 100 : 1, 97–998C, 2 h.
iii. Post degumming: 1.0% of sodium carbonate,

liquor ratio of 100 : 1, 80–908C, 10–15 min.
iv. Redegumming: 0.5% of sodium carbonate, liq-

uor ratio of 100 : 1, 50–608C, 10–15 min.
v. Final rinsing and drying: thoroughly rinsed

with copious quantities of warm distilled water

followed by rinsing in cold water, dried imme-
diately at 808C for 1 h, and then kept at room
temperature for 48 h.

After degumming, Soxlhet extraction was con-
ducted using methanol to remove foreign particles.

Iodine treatment

The iodine treatment of tussah SF fiber was per-
formed by the following procedure: the degummed
tussah SF fiber was dried in an oven, and the weight
was measured in dry condition. Then the fiber was
enclosed with an adequate amount of iodine in a
small test tube in a glass vessel. After sealing the
glass vessel, it was placed in an oven heated at
1008C, where iodine was vaporized and kept for sev-
eral periods. After the treatment, the color of SF fiber
turned to dark brown. Finally, the weight of iodin-
ated samples was measured. The iodine absorption
percentage was calculated by measuring the weight
change of the SF fibers before and after the iodine
treatment.

Carbonization process

Prior to carbonization of SF, to control the thermal
degradation of SF fiber, dynamic thermogravimetric
analysis (dynamic TGA) was performed using the
constant reaction control (CRC) mode at �0.001 wt
% s�1 of constant weight reduction rate from room
temperature to 8008C with a Rigaku Thermo plus II
TG 8120 under an Ar atmosphere. Figure 1 shows
the dynamic TGA result of untreated tussah SF fiber.
The solid and broken lines indicate temperature pro-
file and TG curve, respectively. According to this
result, we defined a multi steps heating schedule for
carbonization as shown in Figure 2. The untreated
and iodinated specimens were heated from 25 to

Figure 1 Dynamic TGA curve and temperature profile of
untreated tussah SF fiber under control mode at a constant
reaction rate of 0.001% s�1.
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8008C in a tubular furnace under an Ar gas flow
using the multistep heating condition.

Measurements

A normal TGA was carried out from room tempera-
ture to 8008C at a heating rate of 58C min�1 with a
Rigaku Thermo plus II TG 8120 under an Ar
atmosphere.

The morphologies of the fibers were observed
with a Hitachi S-2380N SEM at 15 kV of acceleration
voltage. Before placing the samples in the SEM
chamber, the samples were mounted onto an alumi-
num stud and sputter-coated with platinum for
180 s to prevent electron charge up.

FTIR spectroscopy was measured with a Shi-
madzu FTIR-8400S in the region of 4000 cm�1–400
cm�1 at room temperature. The fibers were crushed
by pulverization in the frozen state using liquid
nitrogen and measured by KBr method.

WAXD profile was obtained by a Rigaku Rotorflex
RU-200B and a diffractometer using Ni-filtered
CuKa radiation generated at 40 kV and 150 mA.

Raman spectroscopy was measured by S. T. Japan,
Inc. HoloLab-5000, equipped with a MK-II filtered
probe head using Nd: YAG (Yttrium Aluminum
Garnet) laser beam of 532 nm generated at 50 mW.
The measurement was carried out under the condi-
tions of resolution of 2.5 cm�1, exposure time of
10 s, and summation time of 10.

DMTA was measured using an ITK Co. DVA-225
at the stretching mode, frequency of 10 Hz, and a
heating rate of 108C min�1.

The CHN elemental analysis was performed on a
Parkin-Elmer 2400 II analyzer.

The tensile properties were measured with an Ori-
entec Co. Ltd., Japan, Tensilon Model RTC 1250A at
228C and 65% RH at a gauge length of 40 mm and a
strain rate of 100% min�1.

We used SF fibers treated with iodine vapor at
1008C for 12 h for each measurement.

RESULTS AND DISCUSSION

Iodine absorption and crosslinking

Amino acid composition and structural characteris-
tics of tussah SF are different from those of B. mori
SF. Therefore, iodine absorption behavior is expected
to be different between them. The iodine-sorption
percentage of tussah SF fibers is shown as a function
of iodine treatment duration in Figure 3. The weight
of the SF fibers increased rapidly with iodine treat-
ment time. After 12 h, the iodine content was
achieved to 46 wt % by introduction of iodine com-
ponent into the fibroin. Then, the trend of weight
increasing was changed to slow and the content
reached at 57 wt % after 24 h. The iodine-absorption
content of tussah SF is comparatively higher than
that of B. mori SF.4 Higher iodine-absorption power
of tussah SF seems to be related to difference in not
only the amount of basic and acidic amino acid resi-
dues of SF molecules but also in the higher-order
structures. To elucidate the crosslinking of SF with
polyiodide ions, DMTA measurement has been car-
ried out.
Figure 4 shows the temperature dependence of the

storage modulus (E0) for untreated and iodinated
tussah SF fibers. The storage modulus of untreated
specimen increases gradually with temperature up
to 1108C, owing to the evaporation of water sorbed
in the fiber. The E0 curve then remains constant until
around 2108C, followed by a gradual decrease, and
then exhibits a sharp fall around 2808C, which is
attributed to the collapse of the fiber lapsed because
of the melting of the crystallites. On the contrary,
the thermal stability of fibers decreased significantly
by introduction of polyiodide ions into SF molecules.

Figure 3 Increased weight by sorption of iodine in tussah
SF fiber at different iodine treatment times.

Figure 2 Multistep heating schedule determined accord-
ing to dynamic TGA result (Fig. 1) of untreated tussah SF.
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The first fall of onset temperature is shifted to lower
temperature at � 1628C than that observed for the
untreated specimen at � 2138C. These changes of E0

behavior may be attributed to the effect of introduc-
tion of polyiodide ions into fiber segments, which
remained within the fiber matrix long enough causes
SF molecular motion to occur more easily with heat,
and consequent softening of the SF molecules.
Above 2708C, the iodinated specimen shows the
increase of E0 (i.e., the stiffness is increased) restrict-
ing the melt-flowing of fibers, which implies the for-
mation of intermolecular crosslinking accompanied
by the hardening of the sample. Although the reason
for the formation of crosslinking has not yet been
determined, it is most likely related to the iodine
component.

Carbonization behavior and carbon yield

An important aspect in carbon fiber production is
the yield of residual carbon from polymeric precur-
sor. In general, lower yield results in higher produc-
tion cost and lower mechanical property. The
relationship between the carbon yield and iodine
treatment time is shown in Figure 5. In case of
untreated specimen, the carbon yield was 29 wt %.
For iodine-treated specimens, the carbon yield
obtained at 8008C gradually increased and saturated
at 39 wt % over 12 h of the treatment time. In the
case of B. mori SF, the carbon yields from untreated
and iodinated SFs carbonized under the same condi-
tion were 29 wt % and 36 wt %, respectively.4 The
higher carbon yield from tussah SF was a meaning-
ful difference compared with B. mori SF, and the
effect of the iodination was higher for tussah SF.
This should be related to the different molecular
structure based on amino acid composition of SF

and high-order structure, which lead to the differ-
ence of iodine sorption behavior.32

To investigate the thermal decomposition behavior
of iodinated SF, TGA measurement was performed.
Figure 6 shows TGA curves of untreated and iodin-
ated tussah SF fibers. The measurement conditions
of TGA are given in the figure caption. The weight
percent for iodinated SF in the figure was corrected
from the weight of original SF specimen before io-
dine treatment. For untreated specimen, there was
no abrupt weight loss below 2808C, and the drastic
thermal decomposition occurs between 280 and
3758C. This decomposition is associated with the
degradation of side chain groups of amino acid resi-
dues and the cleavage of peptide bonds of SF main
chains.34 The yield obtained at 8008C for untreated
SF was about 30 wt % at a constant heating rate. On

Figure 5 Relationship between iodine treatment time and
the yield of tussah SF fiber carbonized at 8008C.

Figure 6 TGA curves of tussah SF fiber: (a) untreated
specimen, measured at a heating rate of 58C and (b) iodin-
ated specimen, measured at �0.001% s�1 of weight reduc-
tion rate under a constant reaction control mode.

Figure 4 Temperature dependence of storage modulus
for tussah SF fiber treated with iodine vapor at 1008C for
12 h; (�) untreated specimen, (*) iodinated specimen.
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the other hand, the thermal decomposition behavior
is influenced by iodine treatment. For iodinated SF,
the weight loss was nearly constant to 1508C and the
sharp thermal decomposition starts around 1508C.
The initial weight decrease is attributed to vapori-
zation of the iodine component in the specimen. The
temperature of this first weight loss was higher than
that of B. mori. This is related to the stronger inter-
action of iodine component in tussah silk. The slope
of TG curve becomes steeper above 2708C where the
crosslinking occurs. This is due to thermal degrada-
tion of SF accompanied by oxidation reaction by io-
dine component. Above 3808C, the trend of TG
curves for both untreated and iodinated specimens
were almost similar each other. The yield obtained
at 8008C for iodinated specimen was ca. 42 wt %
under dynamic heating condition. The higher yield
from iodinated tussah SF would be related to the
intermolecular crosslinking of SF by iodination.

Morphological properties

Fiber morphology of carbon fibers prepared from
untreated and iodinated tussah SFs was examined
by SEM as shown in Figure 7. Nishikawa et al.27

reported that the carbon fibers prepared from
untreated tussah SF by constant heating (108C
min�1) to 8008C were very fragile, swollen, partially
melted, and inhomogeneous in appearance, which
was originated from much defect formed in the
specimen by rapid thermal decomposition of SF
molecule. In our defined multistep carbonization
process, carbon fibers both from untreated and
iodinated SFs were considerably improved and
appeared almost homogeneous structure. Particu-
larly, SEM images of iodinated SFs were shown a
smoother surface, which may be related to the inter-
molecular crosslinking of SF caused by iodine
treatment.

Structural features

To analyze the structure of carbon fiber FTIR,
WAXD, Raman spectroscopy, and elemental compo-
sition analysis were carried out. Figure 8 shows
FTIR spectra of untreated and iodinated tussah SF
fibers heated to different temperatures. The absorp-
tion spectrum of untreated specimen exhibits the
typical pattern of tussah SF fiber and is character-
ized by the absorption bands at 1639 cm�1, 1520
cm�1, and 1230 cm�1 associated with Amide I, Am-
ide II, and Amide III band of SF molecules, respec-
tively [Fig. 8(a)].35 The absorption spectrum has
been changed because of structural change to
increase b-sheet conformation after iodine treatment

Figure 7 SEM images of carbon fibers prepared from
untreated and iodinated tussah SF: (a) untreated specimen;
(b) iodinated specimen.

Figure 8 FTIR spectra of iodinated tussah SF heated to
different temperatures: (a) untreated specimen, and iodin-
ated specimen heated to, (b) not heated, (c) 2608C, (d)
3008C, (e) 3508C, (f) 4358C, and (g) 8008C.

1362 KHAN ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



[Fig. 8(b)], although it is difficult to recognize it
from this figure.32 The feature of IR spectra of SF
molecules was retained below 3508C of heating tem-
perature [Fig. 8(e)]. The bands of SF begin to col-
lapse greatly after heating at 4358C [Fig. 8(f)], and
are completely destroyed by carbonization at 8008C
[Fig. 8(g)].

Figure 9 shows the WAXD profiles of untreated
and iodinated tussah SF fibers heated to different
temperatures. Untreated specimen exhibits two
peaks at 16.68 (d ¼ 5.34 Å) and 20.18 (d ¼ 4.41 Å) at-
tributable to 002 and 201 equatorial reflections of the
crystalline plane of tussah SF [Fig. 9(a)].1,36 The iodi-
nation causes the change of WAXD profile of the
tussah SF crystal, which implies that iodine influen-
ces the crystalline structure of the typical b-structure
[Fig. 9(b)]. There is no fundamental change of crys-
talline structure of iodinated SF with the increasing
temperature of initial carbonization and the crystal-
line peaks are visible up to 3508C [Fig. 9(e)]. After
carbonized at 4358C [Fig. 9(f)], one broad peak
because of typical amorphous structure is shown at
2y ¼ 24.08 (d ¼ 3.70 Å), and the almost same pattern
is obtained by heating at 8008C [Fig. 9(g)]. The (002)
diffraction of disordered carbon materials appears at
2y ¼ 228–25837 and graphite shows a layered struc-
ture i.e., the interlayer is separated by a distance of
3.35 Å.38 Therefore, the diffraction corresponding to
d-spacing of 3.70 Å is assigned to the diffraction
associated with the nongraphite carboneous
structure.

To characterize carbon structure Raman spectros-
copy was used for the specimens, heated at 8008C.
Generally, carbons show mainly two Raman bands,
one is at � 1580 cm�1 and another is at � 1360

cm�1. The former corresponds to the E2g mode of
graphite, known as graphite peak (G band) and is
assigned to the ‘‘in-plane’’ displacement of the car-
bons strongly coupled in the hexagonal sheets.39 The
latter, which is absent in the single crystal graphite,
known as disorder peak (D band) due to discontinu-
ity of hexagonal carbon layer planes such as finite
crystallite size and also to edge planes of crystalli-
tes.40 Figure 10 shows the Raman spectra of carbon
fibers prepared from untreated and iodinated tussah
SF at 8008C. Two broad peaks are shown at 1350
cm�1 for D band and at 1580 cm�1 for G band.
Observed results are plotted with gray closed circles.
Black broken and solid lines represent the deconvo-
luted and total curves, respectively, which were fit-
ted by Gaussian function. Table I represents the
peak position, the peak full-width at half-maximum
(FWHM) and the integrated intensity ratio of the
two peaks (IG/ID) obtained from the Gaussian fit-
tings. The spectrum of each sample is broad and is
similar to a pattern of diamond-like carbon which
possess low crystallinity and mixture of sp2 and sp3

Figure 9 Equatorial WAXD profiles of iodinated tussah
SF heated to different temperatures: (a) untreated speci-
men, and iodinated specimen heated to (b) not heated, (c)
2608C, (d) 3008C, (e) 3508C, (f) 4358C, and (g) 8008C.

Figure 10 Raman spectra of carbon fibers prepared from
untreated and iodinated tussah SF: (a) untreated specimen
and (b) iodinated specimen.
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carbons. The intensity ratio IG/ID of the carbon fibers
is almost similar, and the difference in spectra and
FWHM is not obviously observed, therefore, the car-
bon structures of the two fibers are basically same.
Figure 11 shows the results of elemental analysis for
the carbon fibers prepared at 8008C. For untreated
and iodinated specimen, the carbon contents of both
are � 61 mol %. These less carbon contents are
attributed to the existence of various functional
groups containing H, N, and O atoms. The carbon
content is less and oxygen content is more compared
with carbon fibers produced from B. mori SF at same
temperature.4 The carbon from B. mori shows anti-
bacterial property based on functional groups con-
taining H, N, and O atoms, therefore, antibacterial
property is expectative for carbon from tussah SF.
From the characterization of carbon structure, it is
revealed that the iodine treatment does not enhance
the structural characteristics of the carbon fiber, and
only controls the thermal degradation behavior
of SF.

Tensile properties

To evaluate the mechanical performance of carbon
fiber prepared from tussah SF, the tensile strength
measurement was performed. Figure 12 shows the
stress–strain profiles of carbon fibers prepared from

untreated and iodinated tussah SF and the statistical
data of the tensile measurements are summarized in
Table II. The toughness, ultimate tensile strength,
and strain% of carbon fibers prepared from
untreated SF were 35.8 J/kg, 14.0 MPa, and 2.8%,
respectively. After iodine treatment, the mechanical
properties of carbon fiber were considerably
increased. The average value of toughness, tensile
strength, and strain% of carbon fibers prepared from
iodinated specimen were increased to 66.7 J/kg, 17.8
MPa, and 3.3%, respectively. The variations of ten-
sile properties of carbon fibers obtained from iodin-
ated SF were also improved. The higher tensile
properties of carbon fibers are caused by both milder
carbonization process, which prevents the rapid deg-
radation of SF and the formation of the crosslinking
between the adjacent SF molecules in presence of
iodine during heating.

CONCLUSIONS

Carbon fibers were produced from natural biopoly-
mer, A. pernyi SF fibers treated with iodine vapor at
1008C for 12 h. The highest carbon yield (ca. 39 wt
%) was achieved from iodinated tussah SF fibers (cf.
ca. 29 wt % of carbon yield for untreated specimen)
and the strength of carbon fibers was increased.

Figure 11 Elemental composition of carbon fibers pre-
pared from untreated and iodinated tussah SF: (a)
untreated specimen and (b) iodinated specimen.

TABLE I
Structural Parameters of Carbon Fibers Prepared from Untreated and Iodinated

Tussah SF Determined by Raman Spectroscopy

Specimen

G band D band

IG/ID

Peak
position (cm�1)

FWHM
(cm�1)

Peak
position (cm�1)

FWHM
(cm�1)

Untreated SF 1567 172 1349 203 0.89
Iodinated SF 1577 156 1350 223 0.88

Figure 12 Stress–strain curves of carbon fibers prepared
from untreated and iodinated tussah SF: (a) untreated
specimen and (b) iodinated specimen.
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SEM observation showed that the obtained carbon
fibers were plain, smooth, and homogenous in
appearance, structurally stable, and intact. FTIR,
WAXD, and Raman spectroscopy results revealed
that the obtained carbon fibers at 8008C from both
untreated and iodinated SFs were basically amor-
phous structure. At the early stage of carbonization
of SF, amide bonding was begin to collapse greatly
at heating temperatures higher than 3508C and was
completely dissociated by carbonization at 8008C.
DMTA measurement indicated that at heating above
2708C the iodine component introduced intermolecu-
lar crosslinking of SF and the melt flow of the SF
was inhibited, which enhances higher carbon yield
and better performance of silk-based carbon fiber.

The authors express their thanks to the Dainippon Silk Foun-
dation, Japan, for kindly supplying the SF fibers.
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TABLE II
Statistical Data of the Mechanical Properties of Carbon Fibers Prepared from

Untreated and Iodinated Tussah SF

Specimen Property
Mean
value

Standard
deviation

Standard
error

Untreated SF Tensile strength (MPa) 14 2.48 0.25
Strain (%) 2.7 0.55 0.06
Toughness (J/kg) 36 9.37 0.94

Iodinated SF Tensile strength (MPa) 18 2.13 0.21
Strain (%) 3.3 0.54 0.05
Toughness (J/kg) 67 10.62 1.06
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